Highly faceted ZnO rods with 18 side surfaces were synthesized. Their optical properties were characterized by variable temperature photoluminescence, time-resolved photoluminescence, and time-integrated photoluminescence. Low-temperature photoluminescence is dominated by a narrow donor bound exciton peak, while at room temperature ultraviolet emission and green emission can be observed. In spite of the presence of the defect emission, the samples have excellent crystal quality based on the long lifetime of spontaneous emission, with the time constants of biexponential decay equal to 116 ps and 1.2 ns. With increasing pump fluence, stimulated emissions due to excitonic and electron-hole plasma effects were observed. The lasing dynamics in both emission regimes is discussed.
I. INTRODUCTION
Zinc oxide ͑ZnO͒ is a material of great interest for photonic applications. It has a wide band gap of ϳ3.3 eV and a large exciton binding energy of 60 meV. Due to the large exciton binding energy, excitonic lasing at room temperature is possible. The stimulated emission in different morphologies of ZnO has been studied. In particular, lasing in ZnO structures with reduced dimensionality is of interest due to the expected lower threshold power density required for lasing.
1 Lasing has been reported in nanowires, 1,17,18 nanorod arrays, 2,3,10 thin films, [3] [4] [5] 7, [11] [12] [13] [14] nanocoral reefs and nanofibers, 6 microtubes, 8 tetrapod nanowires, 9 nanowhiskers, 15 nanoribbons, 16, 19 tetrapods, 20 and powder. 21 Two lasing mechanisms have been identified-random lasing where gain is provided by multiple scatterings and lasing in Fabry-Pérot resonator formed by a nanostructure, bounded by two parallel crystal facets. Random lasing was reported for ZnO nanorod arrays, 2,3 thin films, 3,7 and nanowires. 17 However, random lasing mechanism is clearly inconsistent with the lasing from single nanostructures 16, [18] [19] [20] and nanostructures with very low density. 9 Low-temperature photoluminescence was also used to characterize a variety of morphologies of ZnO. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Lowtemperature photoluminescence measurements of different nanostructures, such as nanowire/nanowall systems, 22 nanosheets, 23 nanowires, 24 nanorods, 25, 27, 29 and nanoblades and nanoflowers, 30 were reported. 11 bound exciton transitions have been identified in the low-temperature photoluminescence spectra of ZnO. 37 Since the relative intensity of the peaks varies from sample to sample due to variations in donor/acceptor concentrations and their capture cross sections, 38 low-temperature photoluminescence represents a useful tool for evaluation of optical and structural properties of ZnO. Useful information on the crystalline quality and native defects can also be obtained from the linewidths of the peaks in the low-temperature spectrum, as well as their evolution with temperature. Therefore, in this work we combine the variable temperature photoluminescence with the timeresolved photoluminescence to study the optical properties of highly faceted ZnO rods. While the lasing in various ZnO morphologies has been studied as a function of pump fluence, the time-resolved studies of the lasing in ZnO have been scarce. 5, 9, 14, 15, 19, 20 In addition, the time evolution of the lasing spectra has been studied only on thin films 5 and tetrapod nanowires. 9 In this work, we present a detailed study of the optical properties of highly faceted ZnO rods. This includes the time-resolved photoluminescence studies of spontaneous emission, as well as stimulated emission in excitonexciton scattering ͑E-E͒ and electron-hole plasma ͑EHP͒ regimes. Spontaneous emission was found to decay biexponentially, similar to previous reports on ZnO nanowires, 1 but with longer decay times of 116 ps and 1.2 ns. The decay times for stimulated emission in both emission regimes were about 4 -5 ps. The ultrafast dynamics of the stimulated emission is discussed in detail.
II. EXPERIMENTAL DETAILS
Highly faceted ZnO rods were synthesized by evaporation of Zn powder ͑Aldrich, 99.999% purity͒ at 500°C. The rods were grown on a Si ͑100͒ substrate which was placed on the top of the quartz crucible containing Zn powder. Rotary pump was used to evacuate the tube furnace, and then Ar flow of 0.1 Lpm was introduced. After 500°C was reached, oxygen gas was added at a flow rate of 0.01 Lpm. After 60 min, the oxygen supply and the furnace were switched off, and the system was left to cool down to room temperature. The morphology of the obtained nanostructures was examined by scanning electron microscopy ͑SEM͒ using Carl Zeiss field-emission SEM and Leo 1530 field-emission SEM. Photoluminescence ͑PL͒ was measured at different temperatures ͑7 K room temperature͒ using a HeCd laser excitation source ͑325 nm͒. Time-resolved photoluminescence ͑TRPL͒ was measured for 320 nm excitation using the Kerr-gated fluorescence technique, which has been described in detail elsewhere. 40 Time-integrated photoluminescence ͑TIPL͒ was measured for different excitation powers using 1 ps excitation pulses at 267 nm. Figure 1 shows the SEM images of the obtained ZnO nanostructures. Figure 1͑a͒ shows the low magnification image of the obtained structures, while higher magnification images of the representative morphologies are given in Figs. 1͑b͒-1͑d͒. The substrate contains some large pyramids and highly faceted rods. The highly faceted rods have 18 side surfaces. The discussion of the growth mechanism is reported elsewhere. 41, 42 Figure 2 shows the PL spectra of the highly faceted rods as a function of temperature. The spectrum at 7 K is dominated by a bound exciton peak, located at 3.3628 eV which corresponds to the donor bound I 4 exciton line. 37, 38 The donor responsible for the I 4 line was previously identified as hydrogen. 34, 37 The linewidth of the peak is ϳ7 meV, which is comparable to that in ZnO films grown by metal-organic chemical-vapor deposition technique. 36 Even though the obtained results are comparable to those reported for epitaxial layers, narrower peaks ͑1-3 meV͒ were reported for aligned ZnO rods 25, 27 and ZnO layers grown by metal-organic vaporphase epitaxy. 31 Two of these reports reported the linewidth of bound exciton peaks at 4.2 K, so narrower peaks are partly due to the lower temperature. However, it is also possible that lower variation in size and morphology in the aligned ZnO nanorods 25, 27 plays a role in more narrow bound exciton peak reported for these structures. In addition to dominant donor bound exciton peak, two very small features can be observed at ϳ3.332 and 3.308 eV in the 7 K PL spectrum. The peak at 3.332 eV can most likely be identified as the two-electron satellite of the donor bound exciton. 25, 37 This peak is separated from the I 4 line by a 31 meV, which is in agreement with previously reported values of 34 meV ͑Ref. 37͒ and 30 meV. 32 The peak at 3.308 eV is possibly a longitudinal-optical ͑LO͒-phonon replica of the free exciton emission since it increases with temperature and it is located at 70 meV lower energy ͑which corresponds to LO-phonon energy in ZnO͒ 25,38 from the free exciton peak which becomes resolvable at ϳ60 K. The weak shoulder on the highenergy side is present at lower temperatures, while at 60 K we can clearly resolve both the first-and second-order phonon replicas. Phonon replicas can be observed up to 210 K, while the bound exciton can be resolved up to ϳ100 K. No evidence of surface exciton at ϳ3.3665 eV, which was reported to vanish at 20 K, 22 was found in the low-temperature spectra. Figure 3 shows the comparison between the wide spectral range PL spectra at 10 K and room temperature ͑RT͒. The inset shows an enlarged ultraviolet ͑UV͒ part of the 10 K PL spectrum as a function of energy. At 10 K, the spectrum is dominated by a strong bound exciton emission, while weak two-electron satellites and LO-phonon replicas can also be observed. Very tiny peak at ϳ3.217 eV could be either an LO-phonon replica or donor-acceptor pair transition, since both of these transitions are in the spectral range of ϳ3.216-3.223 eV. No green defect emission can be ob- served at 10 K. The absence of green emission at low temperature indicates that the samples have very good crystalline quality. This is similar to the results reported for aligned ZnO rods. 25 Green deep-level emissions at temperatures as low as 6 K were reported for ZnO nanowires. 24 At RT, we can observe both the UV emission and the green defect emission. The origin of the green defect emission is highly controversial and numerous hypotheses have been proposed to explain this emission. 26 It was shown recently that the green emission originated from surface defects, but the nature of the defect is still not fully clear. 26 It was proposed that the existence of green emission may hinder the lasing in ZnO. 6 However, it was also reported that the ratio of UV to green emission increases as the excitation power increases, 26 so that the existence of the defect emission may affect the threshold power but it would not necessarily prevent lasing. In spite of the existence of the defect emission at room temeperature, when the samples are excited by femtosecond or picosecond laser pulses, stimulated emission is observed. The obtained integrated photoluminescence spectra are shown in Fig. 4͑a͒ . The appearance of narrow lasing modes can be clearly observed with increasing excitation power. The lower-intensity lasing modes first appear at ϳ388-390 nm, followed by appearance of strong emission at ϳ395 nm. For high excitation powers, a number of narrow peaks can be observed in the spectral range of 385-395 nm. However, it should be noted that the spontaneous and stimulated emissions in ZnO have very different decay times. The decay time of stimulated emission is typically on the order of a few picoseconds, while for spontaneous emission it is on the order of a nanosecond. Consequently, in spite of the high intensity of the stimulated emission compared to the spontaneous one, it is difficult to clearly resolve the lasing modes in the TIPL spectra. Therefore, TRPL measurements excited by 300 fs laser pulses were measured. Spectra obtained at different times for excitation densities corresponding to spontaneous emission and stimulated emissions in E-E and EHP modes are shown in Fig. 4͑b͒ . The appearance of narrow lasing modes in the E-E regime, as well as the appearance of more broad but highly intense redshifted peaks corresponding to the EHP emission, is obvious. Under femtosecond laser excitation, the threshold for the appearance of narrow lasing modes is ϳ45 J/cm 2 . The mode width is 0.4-0.5 nm, which is significantly lower compared to the spontaneous emission peak width of ϳ17 nm. 2 ; ͑b͒ TRPL spectra for spontaneous emission ͑at 1 ps͒, E-E emission ͑at 11 ps͒, and EHP emission ͑at 1.5 ps͒.
III. RESULTS AND DISCUSSION
Four lasing modes can be observed in the PL spectra shown in Fig. 4͑b͒ . Since the modes do not show equal spacing, they likely originate from multiple lasing rods instead of being multiple modes of a single Fabry-Pérot resonator. The lasing modes are positioned at longer wavelengths ͑lower energy͒ compared to the spontaneous emission, as would be expected for the exciton-exciton scattering process. The peak position E n resulting from an exciton-exciton collision process where one of the excitons was scattered to the nth exciton level is given by 11, 21 
where n =2,3, ... ,ϱ and E ex b = 60 meV is the exciton binding energy. Therefore, E n is always lower than E ex . Since the samples represent ensembles of different nanostructures, it is difficult to predict exact peak positions from Eq. ͑1͒ since there are variations in the measured spectra for measurements performed at different positions, which are likely due to different values of E ex for different nanostructures. The length of the highly faceted rods studied here is typically in the range of 3 -4 m. It was reported previously for ZnO nanoribbons that the ribbons shorter than ϳ6 m could not support lasing. 16 The threshold gain can be expressed as
where L is the length, ␣ is the absorption loss, and R 1 and R 2 are the mirror reflectivities, which are expected to be ϳ0. 19 for the ZnO-air interface. For a 4-m-long rod, if the absorption losses are disregarded, the value of gain as high as ϳ4 ϫ 10 4 cm −1 is required to achieve stimulated emission. Therefore, clear observation of stimulated emission indicates possible high gain in these structures. It should be noted that the crystalline quality of the samples is very good, based on the widths of the donor bound exciton emissions obtained at low temperatures and decay times of spontaneous emission at room temperature which are comparable to those of good quality ZnO epitaxial layers. Therefore, one possible reason for the expected high gain in these structures is their good crystalline quality. However, studies of stimulated emission on individual rods instead of rod ensembles are necessary for more precise estimation of the ranges of gain that can be achieved in these nanostructures. When the excitation power is further increased, an intense, broad, and redshifted emission peak is observed, which can be attributed to the lasing in EHP regime. The EHP emission is redshifted compared to the E-E emissions due to the band-gap renormalization. 4, 5, 11, 13, [19] [20] [21] The obtained threshold for the EHP emission under femtosecond laser excitation is 90 J/cm 2 . We also performed detailed time-resolved measurements in order to study the ultrafast dynamics of the spontaneous and stimulated emissions. The obtained results are shown in Fig. 5 . The spontaneous emission shows biexponential decay, in agreement with the previous reports.
1,31, 43 The obtained time constants, 116 ps and 1.2 ns, are larger than those reported for ZnO nanowires ͑70 ps and 350 ps͒. 1 The slow decay of the spontaneous emission in highly faceted rods indicates their excellent crystal quality. Compared to other reports in the literature, the time constants of emission from highly faceted rods are larger ͑36-110 ps͒ ͑Refs. 44 and 45͒ and comparable to those reported for ZnO epitaxial layers ͑180 ps and 1.0 ns͒, 31 as well as nanorods with length over 600 nm ͑190 ps and 1.4 ns͒. 43 The time-resolved spectra corresponding to the lasing in E-E regime are shown in Fig. 5͑b͒ . It can be observed that the lasing modes are narrow, with linewidth of 0.4-0.5 nm. Therefore, both the threshold power and the linewidth are lower than those of hexagonal ZnO nanowhiskers. 15 The obtained linewidth is somewhat larger than that of aligned nanowire/nanorod arrays, 1,10 and some of the single nanostructures, 16, 18 but smaller than the commonly reported lasing mode width in ensembles of ZnO nano-and microstructures. 8, 9, 15 It can be observed that there is considerable delay time ͑Ͼ5 ps͒ until the lasing modes begin to be clearly resolved. The longer delay times for E-E emission in ZnO nanostructures were attributed to the longer time needed to achieve a high concentration of excitons in the FIG. 5 . Time-resolved PL spectra for ͑a͒ spontaneous emission, ͑b͒ stimulated emission due to exciton-exciton scattering, and ͑c͒ stimulated emission due to EHP. The curves for E-E and EHP emissions have been vertically shifted to improve clarity. excited state. 19 The decay times were 4 -5 ps. The modes were not equally spaced, as expected for lasing from an ensemble of the nanostructures. Figure 5͑c͒ shows the time-resolved lasing spectra in the EHP regime. The EHP emissions shows short ͑ϳ2 ps͒ rising time and 2 -3 ps decay time. Fast rising time of the EHP emission is in agreement with the previous reports. 5, 9, 19, 20 The rise time of the EHP emission is related to the formation of the electron-hole plasma by thermalization of the hot carriers. 19, 20 The decay time of the EHP emission is also fast, and decay constants as low as 1.1 ps ͑for ZnO tetrapods͒ 20 were previously reported. No significant peak shifts with time can be observed, unlike the behavior of the EHP emission in ZnO thin films, where redshift followed by blueshift was reported with increasing time. 5 It can be observed that, with increasing time, more sharp features can be observed in the broad emission peak. The presence of sharp peaks was reported previously for lasing from ZnO nanocrystalline powder. 21 The presence of sharp peaks could be associated with the random lasing or donor-acceptor pair ͑DAP͒ emission. 21 However, based on the low-temperature photoluminescence of our samples, sharp DAP lines would not be very likely. Random lasing was identified as a gain mechanism in ZnO nanowires. 17 However, Fourier transform of the lasing spectrum measured does not reveal harmonics which would be consistent with the random lasing assumption. 17 It is also possible that the emergence of the sharp features is due to the coexistence of lasing in E-E and EHP modes. This would be in agreement with the previous report on coexistence of E-E and EHP emissions in ZnO thin films due to spatial uniformity of the sample.
14 Since our samples represent an ensemble of ZnO rods, spatial nonuniformity is unavoidable. Also, EHP emission is expected to occur for carrier densities above Mott density ͑ϳ4 ϫ 10 18 in ZnO͒. 18 As the time increases the free-carrier concentration is reduced due to radiative recombination, which could result in the coexistence of excitonic and EHP effects.
IV. CONCLUSIONS
Optical properties of highly faceted ZnO rods were studied by variable temperature photoluminescence, timeresolved photoluminescence, and time-integrated photoluminescence. The low-temperature photoluminescence spectrum was dominated by a donor-bound exciton transition. At room temperature, both UV and green emissions associated with defects were observed. In spite of the presence of defect emission, long decay times of spontaneous emission ͑116 ps and 1.2 ns͒ were obtained, illustrating excellent crystal quality. The samples exhibited stimulated emission due to exciton-exciton scattering with a threshold of ϳ45 J/cm 2 and electron-hole plasma with a threshold of 90 J/cm 2 . The differences in the evolution of the emission spectra in two lasing regimes were discussed.
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